Preoperative cardiopulmonary exercise testing is a standard assessment of cardiorespiratory fitness (CRF) and risk stratification. However, to what extent CRF is impaired in patients undergoing surgical repair of abdominal aortic aneurysm (AAA) disease and the corresponding implications for postoperative outcome requires further investigation. We measured CRF during an incremental exercise test to exhaustion using online respiratory gas analysis in patients with AAA disease (n = 124, aged 72 ± 7 years) and healthy sedentary control subjects (n = 104, aged 70 ± 7 years). Postoperative survival was examined for association with CRF, and threshold values were calculated for independent predictors of mortality. Patients who underwent preoperative cardiopulmonary exercise testing before surgical repair had lower CRF [age-adjusted mean difference of 12.5 ml O 2 kg −1 min −1 for peak oxygen uptake (V O 2 peak ), P < 0.001 versus control subjects]. After multivariable analysis, bothV O 2 peak and the ventilatory equivalent for carbon dioxide at anaerobic threshold (V E ∕V CO 2 −AT) were independent predictors of midterm postoperative survival (2 years). Hazard ratios of 5.27 (95% confidence interval 1.62-17.14, P = 0.006) and 3.26 (95% confidence interval 1.00-10.59, P = 0.049) were observed foṙ V O 2 peak < 13.1 ml O 2 kg −1 min −1 andV E ∕V CO 2 −AT ≥ 34, respectively. Thus, CRF is lower in patients with AAA, and those with aV O 2 peak < 13.1 ml O 2 kg −1 min −1 andV E ∕V CO 2 −AT ≥ 34 are associated with a markedly increased risk of postoperative mortality. Collectively, our findings demonstrate that CRF can predict mid-term postoperative survival in AAA patients, which may help to direct care provision.
INTRODUCTION
Abdominal aortic aneurysm (AAA) is a permanent focal dilatation of the infradiaphragmatic aorta by 1.5 times the expected normal diameter or >3 cm (Golledge, Muller, Daugherty, & Norman, 2006) . It can be classified anatomically as suprarenal, juxtarenal or infrarenal in relationship to the renal arteries, with infrarenal AAA being the most common. Rupture of an AAA is associated with a mortality rate of between 65 and 85%, resulting in up to 8000 deaths annually in the UK, with approximately half of the deaths attributed to rupture occurring before the patient reaches hospital (Ashton et al., 2002; Basnyat, Biffin, Moseley, Hedges, & Lewis, 1999) . repair are considerably lower, at 2.9 and 0.4%, respectively (VSQI, 2017) . However, the physiological insult of major surgery presents an increased oxygen demand during the perioperative period, and patients need to achieve a sufficient oxygen (O 2 ) delivery in order to fulfil cellular demand and attain a successful recovery. Shoemaker, Appel, & Kram (1992) wileyonlinelibrary.com/journal/ephidentify high-risk patients and optimize care during the perioperative period.
Preoperative cardiopulmonary exercise testing (PCPET) is a non-invasive procedure used to determine the level of cardiorespiratory fitness (CRF) of patients during a progressive exercise challenge to symptom-limited maximum. In 2016, 47% of patients in the UK had their fitness measured by cardiopulmonary exercise testing (CPET) as part of a preoperative risk assessment before AAA surgery (VSQI, 2017) . A cross-sectional association has been demonstrated between CRF and improved postoperative survival and reduced morbidity, including length of hospital stay (Carlisle & Swart, 2007; Goodyear et al., 2013; Grant et al., 2015; Hartley et al., 2012; Prentis et al., 2012) , with values such as an anaerobic threshold (AT) < 10.2 ml O 2 kg −1 min −1 , peak oxygen uptake (V O 2 peak ) < 15 ml O 2 kg −1 min −1 and a ventilatory equivalent for carbon dioxide at the anaerobic threshold (V E ∕V CO 2 −AT) > 42 used as cut-off scores. However, as with many other preoperative tests, the use of CPET needs to be optimized (Hollingsworth, Danjoux, & Howell, 2015) . Thus, the primary aims of the present study were twofold: (i) to confirm the extent to which cardiorespiratory fitness is impaired in AAA patients; and (ii) to define threshold PCPET variable scores that hold prognostic significance for postoperative survival.
METHODS

Ethical approval
The Cardiff and Vale University Health Board (15/AIC/6352) approved the retrospective analysis of an anonymized database, and thus patient consent was waived. For the healthy control participants, ethical approval was granted by American Medical International (TX, USA) and the (former) University of Glamorgan (South Wales, Pontypridd, UK).
All procedures were carried out in accordance with the Declaration of Helsinki of the World Medical Association (Williams, 2008) . The study was not registered in a database.
Experimental design
We conducted a retrospective cross-sectional analysis of AAA patients (anonymized longitudinal hospital-based database) with a matched apparently healthy cohort.
Participant/patient groups
Healthy participants
For the purposes of comparing baseline CRF, we used 108 consecutive historical control subjects with a mean age of 72 years, who had previously engaged in a health-screening programme (Table 1) .
Abdominal aortic aneurysm patients
One hundred and twenty-four consecutive patients of similar age underwent PCPET to assess the risk for aneurysm repair 
Measurements
Cardiopulmonary exercise testing of healthy participants (comparative analysis)
Participants were retrospectively selected based on a normal 12-lead ECG response to a standardized incremental exercise test to volitional exhaustion using the same protocol as outlined for patients.
End-point determination was assessed by the supervising clinician if the participant developed fatigue, inappropriate dyspnoea, angina, ST segment depression or elevation of 1 mm, significant dysrhythmias, atrioventricular conduction disturbances or defective chronotropic responses. There were no adverse events during the exercise or recovery periods of the tests. All participants were asymptomatic and defined as sedentary because they did not engage in any formal recreational activity outside of everyday living (Bailey et al., 2013a) .
Cardiopulmonary exercise testing of AAA patients (correlational analysis)
Preoperative CPET was conducted using an electromagnetically braked cycle ergometer (Lode, Gronigen, The Netherlands) and a Medgraphics Ultima metabolic cart (MedGraphics, Gloucester, UK). Calibration was undertaken in accordance with manufacturer's guidelines using a 3 litre syringe (Hans Rudolph, Kansas City, KS, USA) and reference calibration gases. During data collection, the middle five of seven breaths were averaged. An exercise protocol was used whereby patients cycled at 60 r.p.m. for 3 min in an unloaded freewheeling state, followed by a progressively ramped period of exercise (from 5 to 15 W min −1 based on mass, stature, age and sex) to volitional or symptom-limited termination, followed by 3 min recovery (Wasserman, 2012) . Medgraphics Breeze software automatically determined peak oxygen uptake (V O 2 peak ; defined as the highest O 2 uptake during the final 30 s of exercise reported), oxygen uptake efficiency slope (OUES; Hollenberg & Tager, 2000) , and peak oxygen pulse (O 2 pulse). The AT was manually interpreted by a clinician using the V-slope method (Beaver, Wassermen, & Whipp, 1986 ) and supported by comparison of end-tidal oxygen tension (ETO 2 ) and ventilatory equivalent for oxygen (V E ∕V O 2 ) plots. The ventilatory equivalent for carbon dioxide (V E ∕V CO 2 ) was identified at the AT.
Statistical analysis
Statistical analyses were conducted using IBM SPSS Statistics for Windows (version 23.0; IBM, Armonk, NY, USA). Distribution normality was confirmed using repeated Shapiro-Wilk W tests.
Analysis 1 (comparative)
Continuous data are presented as the mean (SD), and dichotomous variables as the number (percentage). Differences in CRF between groups were established using unpaired t tests with analysis of covariance performed to adjust for age. Patient counts were analysed using 2 tests. Significance for all two-tailed tests was established at P < 0.05.
Analysis 2 (correlational)
The secondary outcome measure, postoperative mortality, was assessed using Cox proportional hazards (PHs) regression models.
The PH assumption was tested with Schoenfeld residuals (Grambsch & Therneau, 1994) . Continuous and dichotomous variables were first assessed using univariable Cox PH regression. Subsequent multivariable Cox PH models were developed with inclusion criteria of variables at the P < 0.2 level (from univariable analysis) and a backward stepwise approach was used. Receiver operating characteristic (ROC) curves were constructed for subsequent markers of CRF identified as independent predictors of postoperative mortality.
For a marker of CRF to be considered a valid independent predictor of mortality, an area under the ROC of >0.7 was required.
Optimal threshold values for markers fulfilling this criterion were subsequently calculated by examination of the minimal distance between ROC plots and the upper left corner and presented with sensitivity and specificity. Dichotomized PCPET variables were used to represent subthreshold PCPET values and examined graphically using Kaplan-Meier plots, which were compared using a log-rank test to demonstrate postoperative survival, with significance established at P < 0.05. Confidence intervals (CIs) were presented for all survival statistics.
RESULTS
Patient outcomes
Two patients experienced AAA rupture before elective surgery and were discounted from the overall analysis. Ninety-nine patients were observed for a median time of 1034 days after surgery, of whom 76
were alive at the time of study analysis. Thirty day and 90 day mortality was observed for one and seven patients, respectively. Twenty-three patients were treated conservatively, of whom 17 died, with a median survival of 797 days at the time of study analysis.
Analysis 1 (comparative)
Abdominal aortic aneurysm patients were defined by lower CRF across a range of PCPET values when compared with apparently healthy sedentary control subjects of a similar age. A mean difference of 13.6 ml O 2 kg −1 min −1 (95% CI 12.0-15.2, P < 0.001) was reported foṙ (Figure 1 ). Covariate analysis forV O 2 peak demonstrated an ageadjusted mean difference of 12.5 ml O 2 kg −1 min −1 (95% CI 11.1-13.9, P < 0.001) between groups.
Analysis 2 (correlational)
One patient died within 30 days of surgery, and 20 deaths were reported 2 years post-surgery, of which half (10/20) were independent of AAA disease (ONS I71 code; abdominal aortic aneurysm with or without mention of rupture). Following multivariable analysis, botḣ V O 2 peak andV E ∕V CO 2 −AT were found to be independent predictors of mid-term (2 year) postoperative mortality (Table 2) . A hazard ratio We applied our defined cut-points forV O 2 peak andV E ∕V CO 2 −AT (herein defined as subthreshold PCPET values) to stratify patients into high-or low-risk subgroups. Subsequently, when entered into a further regression model, hazard ratios of 5.27 (95% CI 1.62-17.14, P = 0.006) forV O 2 peak < 13.1 ml kg −1 min −1 and 3.26 (95% CI 1.00-10.59, P = 0.049) forV E ∕V CO 2 −AT ≥ 34 were apparent (Table 3) . Thus, Abbreviations: CI, confidence interval;V E ∕V CO 2 −AT, ventilatory equivalent for carbon dioxide at anaerobic threshold; andV O 2 peak , peak oxygen consumption a P < 0.05. andV E ∕V CO 2 −AT, respectively, with natural variation accounted for).
Therefore, our defined threshold values produced zones for fit, intermediate fitness and unfit of >15, 15-11.6 and <11.6 ml O 2 kg −1 min −1
forV O 2 peak and <31, 31-38 and >38 forV E ∕V CO 2 −AT.
DISCUSSION
Consistent with our original hypotheses, our study has revealed two findings. First, CRF was shown to be impaired in AAA disease relative to an apparently healthy sedentary population of comparable age.
Second, bothV O 2 peak andV E ∕V CO 2 −AT were able independently to identify patients at high risk of mid-term postoperative mortality, but not during the intraoperative period. Collectively, our findings demonstrate that CRF can predict mid-term postoperative survival in AAA patients, which may help to direct care provision.
In the context of the present study, we speculate that impaired vascular function precipitated by inadequate antioxidant defences and a corresponding elevation in oxidative-nitrosative stress, collectively associated with impaired CRF (Bailey et al., 2013b) and AAA disease (Bailey et al., 2006) , might be responsible for inferior postoperative outcomes. Impaired vascular endothelial function has been observed in the early postoperative period after major colon cancer surgery (Ekeloef et al., 2017) and warrants further investigation in this population. Furthermore, in addition to impairedV O 2 peak , patients with high risk of postoperative mortality demonstrated elevateḋ V E ∕V CO 2 −AT, suggesting that inefficient ventilation of the lungs consequent to the mismatching of ventilation to perfusion is a significant risk factor.
As expected, CRF was impaired in AAA disease. Our study used an effectively controlled research design, with a comparative sample of participants selected by convenience to account for the effect of age, sex and activity levels. Furthermore, our objectively determined 12-lead ECG assessments confirmed that the control participants were asymptomatic and free of any overt cardiovascular/ischaemic heart disease, given a negative functional diagnostic exercise stress test. Of interest, increased prevalence of aneurysmal disease has been linked to populations exhibiting low levels of CRF and reduced blood flow, as demonstrated in amputees and spinal injury, which has been hypothesized as a causative factor (Vollmar, Pauschinger, Paes, Henze, & Friesch, 1989; Yeung et al., 2006 ).
The meanV O 2 peak for patients with AAA disease reported in the present study (14.4 ml O 2 kg −1 min −1 ) was similar to that reported by Prentis et al. (2012) . Our reportedV O 2 peak andV E ∕V CO 2 −AT were independent predictors of postoperative survival, in agreement with previous studies (Carlisle & Swart, 2007; Hartley et al., 2012) .
However, our defined subthreshold values of <13.1 ml O 2 kg −1 min −1 and ≥34 were lower than those previously reported, emphasizing the need for a more conservative approach. Of interest and contrary to other studies (Grant et al., 2015; Hartley et al., 2012) , AT did not predict survival in our cohort of patients.
Studies with larger sample sizes have previously reported an association between PCPET values and postoperative survival; however, limitations are evident. The largest study, which recruited 506 patients (Grant et al., 2015) , did not define subthreshold PCPET values from their own dataset and instead adopted values from a study (Carlisle & Swart, 2007) with a cohort of a similar size to the present study. Furthermore, another large study (Hartley et al., 2012) adopted subthreshold PCPET values used to predict postoperative morbidity in heterogeneous populations (Snowden et al., 2010) .
Thus, our findings demonstrating a lower than previously reporteḋ V O 2 peak andV E ∕V CO 2 −AT, and no association for AT, hold new value of clinical importance for patients undergoing surgery for AAA repair.
We support the value of reporting mid-term survival (defined as 2 years post-surgery in our data) for patients undergoing AAA repair, because in-hospital mortality is now reported at relatively low levels of 2.9 and 0.4% for open and endovascular aneurysm repair approaches, respectively (VSQI, 2017) . Furthermore, surgery is undertaken not to cure the disease, but to prevent future risk of rupture, and thus decision-making needs to account for a long-term risk assessment (Howell, 2017) . Of the 20 deaths reported in our study at 2 years postsurgery, half (10/20) were independent of AAA disease (ONS I71 code;
abdominal aortic aneurysm with or without mention of rupture). Our findings did not support the ability of CRF to identify patients at high risk of intraoperative mortality, because only one patient died within 30 days of surgery. We acknowledge that the sample size (Altman, 1980) Figure 3 . Recent work from our group (Rose et al., 2018) recommends that clinicians should not consider fitness as a single point estimate, but instead as a dynamic range of values defined by natural variation and calculated using critical difference (Davison et al., 2012; Fraser & Fogarty, 1989) . Thus, rather than advocating specific binary threshold values, zones along a spectrum of fitness should be adopted (Wilson, 2018) . Using this methodology as calculated in our results, we recommend that clinicians adopt zones for fit, intermediate fitness and unfit of >15, 15-11.6 and <11.6 ml kg −1 min −1 and <31, 31-38 and >38 forV O 2 peak anḋ V E ∕V CO 2 −AT, respectively, when identifying patients at risk of midterm (2 year) postoperative mortality.
Given that we were unable to predict perioperative risk based upon the application of CRF (probably as a result of the relatively low levels of reported in-hospital mortality and underpowered sample size), it is interesting to speculate why, in this vascular impaired population, there is an apparent need to wait for 2 years for the benefit of improved CRF to become apparent. Furthermore, a well-established mechanistic grounding for the protective benefits of improved CRF is yet to be established.
Limitations
We have reported an association between PCPET and mid-term postoperative survival. However, in order to demonstrate an improved ability to identify high-risk patients, PCPET values should also be compared against, or in conjunction with, other risk prediction models, such as the Revised Cardiac Risk Index (RCRI), Physiological and Operative Score for enumeration of Mortality and Morbidity (POSSUM), National Surgical Quality Improvement Program (NSQIP) and Surgical Outcome Risk Tool (SORT) (Reeves et al., 2018) .
Although CRF was shown to be impaired in AAA disease relative to a healthy sedentary population of comparable age, we were unable to determine whether any of the control population exhibited AAA disease, because they were not screened via Duplex ultrasonography.
Our ( 
Conclusions
This study defines the magnitude of impaired CRF demonstrated in AAA disease. The PCPET values were unable to identify patients at high risk of intraoperative mortality. However, our findings add to the body of evidence supporting the measurement of CRF used to identify patients at high risk of mid-term postoperative mortality.
In this specific subset of patients,V O 2 peak of <13.1 ml kg −1 min −1 andV E ∕V CO 2 −AT ≥ 34 allowed for the discrimination of patients at increased risk of mid-term postoperative mortality, and we therefore recommend zones for fit, intermediate fitness and unfit of >15, 15-11.6 and <11.6 ml kg −1 min −1 and <31, 31-38 and >38 forV O 2 peak anḋ V E ∕V CO 2 −AT, respectively. Collectively, these findings demonstrate that CRF can predict mid-term postoperative survival in AAA patients, which may help to direct care provision.
